We applied soft X-ray absorption spectroscopy (XA S) and two-dimensional (2D) correlation analysis to the rst lithium insertionextraction cycle in a Li 11 x V 3 O 8 /Li cell in order to investigate the electrochemical reactions of lithium with the Li 11 x V 3 O 8 electrod e. The V L I I,I II -edge and O K-edge spectra of the Li 11x V 3 O 8 electrod e were obtained for varying electrode lithium content. The insertion of lithium leads to the reduction of the V 51 species presen t in the pristine Li 11 x V 3 O 8 electrode, and to the red shift and the broadening of the spectral features of the V L II ,I II edge compared to those of the pristine electrode. In the extraction process, the main spectral features at the highest value of the extraction of lithium show some differences compared to the features of the pristine electrode spectrum due to the residual lithium ions in the Li 11 x V 3 O 8 structure. The O K-edge spectra revealed that the insertion of lithium mainly affects the V 4sp-O 2p bonds and consequently induces a change in bonding geometry. The 2D correlation analysis of these spectra clearly shows that V-O bonds are signi cantly perturbed by the insertion-extraction of lithium into the Li 11x V 3 O 8 electrode. Index Headings: Soft X-ray absorption spectro scopy; Two-dimensional correlation spectroscopy; Li 11 x V 3 O 8 /Li cell; Insertion-extraction cycle of lithium.
INT RODUCTIO N
The lithium-ion battery has the highest energy density of comm ercial rechargeable batteries. Commercial rechargeable lithium batteries typically use a transition m etal oxide as the positive electrode and a carbonaceous material as the negative electrode. 1, 2 The strong demand by the portable electronics m arket for power sources with long working lives has prompted the development of high energy density batteries. Progress in the development of such batteries has been driven by the increasing availability of advanced electrode m aterials; various electrode materials have been investigated for use in secondary lithium batteries.
Since Besenhard and Schö llhorn 3 rst reported the insertion of lithium into lithium trivanadate, Li 11 x V 3 O 8 , many researchers have investigated Li 11 x V 3 O 8 as a cathode m aterial for use in rechargeable lithium batteries because of its high capacity, facile preparation, and stability in air. 4 -8 Although Li 11 x V 3 O 8 has a larger initial capacity than other transition m etal oxides such as LiCoO 2 , it exhibits a serious fading of capacity upon cycling. [6] [7] [8] Unfortunately, this electrochemical property makes the use of Li 11x V 3 O 8 as an electrode material impractical.
To account for this limited ability to cycle, many re-searchers have studied the relationship between the structural and electronic properties of Li 11 x V 3 O 8 using various electrochemical and spectroscopic techniques. 9 -13 The crystal structure of Li 11 x V 3 O 8 was rst reported by Wadsley, 9 who found that Li 11 x V 3 O 8 has a monoclinic structure belonging to the space group P2 1 /m and is composed of two basic structural units, VO 6 octahedra and VO 5 distorted trigonal bipyramids. Strings of bipyramids and ribbons of octahedra are linked together (by com mon corners) forming puckered layers. These layers are held together by the interaction of the lithium ions. Lithium ions can be localized in two kinds of vacant sites, namely octahedral and tetrahedral sites, where the originally combined lithium ions occupy octahedral sites and inserted ones occupy tetrahedral sites. The insertion of lithium into the puckered layers is expected to produce structural and electronic perturbations that affect the chemical and electrochemical properties of the Li 11 x V 3 O 8 electrode. Thackeray et al. concluded from powder X-ray diffraction data 11 that the V-O layers do not undergo signi cant structural alterations upon insertion of lithium, but that the local structure undergoes some changes as a result of lithium insertionextraction. Pistoia et al. reported a reorganization of the electrode structure towards a less distorted con guration as a result of lithium ion insertion. 12 Frech et al. used Raman spectroscopy to monitor the structural evolution of Li 11 x V 3 O 8 during the insertion of lithium. 13 However, the electrochemical reaction mechanism of Li 11x V 3 O 8 with lithium is very complex and is not yet completely understood. Elucidating this reaction m echanism is the main motivation for our study of the lithium insertionextraction electrochemical reactions of Li 11x V 3 O 8 from the viewpoint of local geom etry and electronic structure. To achieve this objective, the electrochemical reactions of lithium in the Li 11 x V 3 O 8 /Li cell during the rst insertion-extraction cycle were studied using soft X-ray absorption spectroscopy (XAS) and two-dimensional (2D) correlation analysis.
X-ray absorption spectroscopy has recently begun to be used in the investigation of the electronic and structural properties of electrode materials in secondary lithium batteries. 14 -16 The main advantage of XAS is its element speci city, which makes possible the identi cation of individual elements in com posite electrodes. 17 These properties of XAS make it a very useful tool for the study of electronic structures in electrode materials. Although XAS has m any advantages, its application to the study of electrode materials has been limited because a typical electrode contains additives such as plastic binders and carbonaceous materials that often complicate the spectral data. This limitation can be overcom e by using a 2D correlation analysis that enables the detection of the subtle spectral changes induced by an external perturbation that are not readily noticeable in conventional one-dimensional (1D) spectra. [18] [19] [20] [21] [22] The details of 2D correlation spectroscopy are described elsewhere, [18] [19] [20] [21] [22] [23] and no further description is given here. In our previous studies, 23, 24 we demonstrated that XAS and 2D correlation analysis can be successfully used to study the characteristics of electrode materials.
In this work, we present XAS measurem ents at the V L II,III edge and the O K edge for varying Li 11x V 3 O 8 cathode lithium content during the rst lithium insertionextraction cycle. In addition, a 2D correlation analysis was applied to the XAS spectra of the Li 11x V 3 O 8 cathode to obtain detailed inform ation about the electrochemical reactions of lithium in the Li 11 x V 3 O 8 /Li cell.
EXPERIMENTAL
Sample Preparation. Li 11 x V 3 O 8 was obtained by heating a mixture of Li 2 CO 3 and V 2 O 5 at 680 8C as previously described. 4, 5 The product was then ground in a freezer mill and sieved using a standard sieve (120 mesh). The resulting ne powder was used as the active m aterial.
Electrochemical Experiments. The electrochemical behavior of Li 11 x V 3 O 8 was investigated in lithium cells. Slurries were prepared consisting of 80 wt % Li 11x V 3 O 8 powder, 10 wt % acetylene black, and 10 wt % poly(vinylidene uoride) (PVdF) dissolved in 1-methyl-2-pyrrolidinone. Electrodes were produced by coating the slurry onto aluminum foil substrates. Test cells were fabricated with these electrodes, metallic Li anodes, and polypropylene separators (Celgard 2400) in a glove box lled with Ar gas. A 1.0 M solution of LiPF 6 in ethylene carbonate-diethyl carbonate (1:1 by volume) was used as the electrolyte. Cell perform ance was evaluated by galvanostatically discharging and charging the cell at a constant current density of 0.2 m A/cm 2 at room temperature with a W BCS 3000 battery tester system (Won A Tech Corp., Korea).
X-ray Abosrption Spectroscopy M easurements. The V L II,III -edge and O K-edge XAS measurem ents of the Li 11 x V 3 O 8 cathode were performed at the U7 beam line of the Pohang Light Source (PLS). The details of the design of the monochromator and the spectral resolution of the beam line are given elsewhere. 25 All spectra were obtained ex situ at room temperature. The electrodes were prepared for the XAS m easurements in a glove box under highly pure argon atmosphere. After the electrochemical reactions, the electrodes were removed from test cells and were then washed repeatedly with tetrahydrofuran (THF) to remove electrolyte. The electrodes were dried at 80 8C for 4 h, and were transferred to the XAS system under highly pure argon atmosphere in sealed vessels. The V L II,III -edge and the O K-edge XAS data were taken in a total electron yield mode, recording the sample current. The energy resolution was less than 0.2 eV. The V L II,IIIedge and O K-edge energies were calibrated using data from the O K edge of a-Fe 2 O 3 . All spectra were norm alized by a reference signal from an Au mesh with 90% transm ission. The base pressure of the experimental chamber was on the order of 10 2 8 mbar.
Two-Dimensional Correlation Analysis. Prior to the 2D correlation calculations, normalization over concentration was applied to all the XAS spectra. In addition, baseline corrections and smoothing of all the XAS spectra were performed before the 2D correlation calculations. Synchronous and asynchronous 2D correlation spectra were calculated using an algorithm based on the numerical m ethod developed by Noda. 18, 20 A subroutine named KG2D 26 composed in Array Basic language (GRAMS/386; Galactic Inc., Salem, NH) was employed for the 2D correlation analysis. Figure 1 shows the curves for the rst galvanostatical discharge (the insertion of lithium into the Li 11x V 3 O 8 electrode) and the rst charge (the extraction of lithium) in the potential range 3.2 V to 1.6 V with a current density of 0.2 mA/cm 2 . In this paper, lithium content is denoted by x, as in Li 11 x V 3 O 8 , where x is calculated from the amount of electricity passed. To produce electrodes with varying lithium content for the XAS measurements, we controlled the cut-off voltage at a constant current density. A summary of the discharged and charged electrodes produced by this method, including the lithium content (x) and the cut-off voltage, is given in Table I .
RESULTS AND DISCUSSION
Lithium insertion-extraction cycles are expected to alter the electronic properties of the pristine Li 11 x V 3 O 8 electrode. In order to monitor the oxidation states and the local symmetries of vanadium atoms during the lithium insertion-extraction process, V L II,III -edge XAS spectra were obtained. Figure 2 shows the normalized V L II,IIIedge XAS spectra obtained from the lithiated Li 11x V 3 O 8 electrode as a function of lithium content during the rst lithium insertion-extraction cycle. The spectral features of the V L II,III edge are dominated by the multiplet effect, which is caused by the large Coulombic and exchange interactions of the 2p-3d and 3d-3d orbitals and thus are directly related to the local symmetry and the electron con guration of the ground state. 14, 27 The spectra exhibit two broad peaks, centered around 519 and 526 eV, which TABLE I. Summ ary of the discharged and charged electro des used for XAS m easurem ents. The insertion level of lithium was controlled by adjusting the cut-off voltage at a constant curren t density (0.2 mA/cm 2 ). The lithium content was calculated from the amount of electricit y passed. a
Number
Cut-off voltage can be attributed in a rst approximation to excitations from the vanadium 2p 3/2 (L III -edge) and 2p 1/2 (L II -edge) orbitals into empty or partially lled V 3d states, respectively. 14, [27] [28] [29] During the insertion process, the red shifts of the V L II,III -edge spectra were observed for varying x (see Fig. 2a ). The oxidation states of the vanadium atoms can be estimated from the peak positions of the V L II,III -edge features because the resonance energies for the 2p to 3d excitations are determined by the average electrostatic energies at the m etal sites, which will be different if the number of valence electrons varies. [27] [28] [29] The peak positions obtained from the V L II,III -edge features are listed in Table II . Chen et al. investigated the chemical shifts of the V L III edge and determined an approximate linear relationship between the transition energy and oxidation state, a 0.7 eV increase per oxidation state in the range 515.5 eV (metallic V) to 519.0 eV (V 2 O 5 ). 30 According to the energy-shift relationship suggested by Chen et al., our observations indicate that vanadium ions in the pris-tine m aterial are mostly in a V 51 state and that these vanadium ions are partially reduced to V 41 and V 31 states upon electrochemical insertion of lithium. However, the fraction of vanadium ions in each particular oxidation state could not be determined quantitatively from the V L II,III -edge features because the peaks could not be separated at the energy resolution (DE/E) used for the measurements (;0.2 eV). Only the variations of the peak positions of the V L II,III -edge features were observed, which demonstrated the reduction of the oxidation state of the vanadium ions in the lithiated Li 11 x V 3 O 8 .
W hen the insertion of lithium reaches an x value of 2.65, the spectral features of the V L II,III edge (FWHM ø 2.38 eV at the L III edge and FWHM ø 3.18 eV at the L II edge) become broad compared to those of the pristine electrode (FW HM ø 1.99 eV at the L III edge and FW HM ø 2.80 eV at the L II edge). The width of the V L II,III -edge features generally narrows from metal to m etal oxides because the V L II,III -edge features are directly related to the un lled portion of the 3d band. 27, 31 In the pristine electrode, vanadium ions are mostly in the V 51 (3d 0 ) state and partially reduced to V 41 (3d 1 ) and V 31 (3d 2 ) states upon the electrochemical insertion of lithium. In the present study, therefore, the line broadening of the V L II,III edge can be attributed to an increase in the number of un lled 3d orbitals in the lithiated Li 11 x V 3 O 8 . Blue shifts of the V L II,III -edge spectra were observed as a result of the extraction of lithium (see Fig. 2b ). However, the main spectral features at the highest value (x 5 0.66) of the extraction of lithium show some differences compared to the features of the pristine electrode (x 5 0.00) spectrum, including the peak position and bandwidth (FW HM ø 2.33 eV at the L III edge and FW HM ø 2.93 eV at the L II edge). These differences can be attributed to the presence of residual lithium ions in the Li 11 x V 3 O 8 electrode. As shown in Fig. 1 The presence of an octahedral ligand eld in Li 11 x V 3 O 8 splits the vanadium 3d band into two sublevels with t 2g and e g symmetry. The e g orbitals (d x 2y 2 and d z 2 ) point directly toward the oxygen ligands and form strong stype bonds with the oxygen 2p orbitals. On the other hand, t 2g orbitals (d xy , d xz , and d yz ) point between the oxygen neighbors and interact only weakly with the oxygen 2p orbitals via p-type bonds. 30, 32 According to the single particle model, the ligand-eld splitting energy is given by D(t 2g 2 e g ). However, atomic multiplet calculations revealed that D(t 2g 2 e g ) is related to, but not equal to, the ligand-eld splitting energy produced by the correlation effect. 33 In the metal oxides, oxygen K-edge spectra comm only split into doublets, which provides indirect inform ation about the crystal eld effects on the 3d bands. To obtain local symmetry information for the lith-iated Li 11 x V 3 O 8 electrode, we obtained the oxygen Kedge XAS spectra.
Crystallized Li 11x V 3 O 8 has a layered structure (d ø 6.32 A Ê ) that is composed of two basic structural units, VO 6 octahedra and VO 5 distorted trigonal bipyramids. 9 The current understanding of the electrochemical reactions in the Li 11 x V 3 O 8 electrode is as follows. 4, 12 Theoretically, the Li 11 x V 3 O 8 electrode can take in up to 3 lithium ions per formula unit in the layered structure. The insertion of about half of the total lithium could be accepted remaining in the formation of a single phase. However, at high lithium concentrations, poor charge screening due to electron localization produces a remarkable lithium-lithium repulsion that leads to the formation of a new phase with a defected rock-salt structure. This new phase returns to the parent structure with a slight modi cation during the extraction process.
The insertion of lithium ions into the layers is expected to affect the electron density on O 22 and to cause repulsion between lithium ions at high lithium concentrations. These interactions will affect the V-O bond because of the formation of Li-O bonds during the insertion of lithium. To establish the contribution of oxygen ions to this system's electrochemistry, we obtained the O K-edge XAS spectra of the lithiated Li 11 x V 3 O 8 electrode. Figure 3 shows the normalized O K-edge XAS spectra of lithiated Li 11 x V 3 O 8 electrodes in the rst lithium insertion-extraction cycle. The XAS spectra correspond to transitions from the oxygen 1s core level into empty or partially lled O 2p states. The prominent doublets (denoted as region A) are centered at 530.11 and 531.87 eV, which can be assigned to transitions into the t 2g and e g bands of vanadium. These assignments are supported by ban d structure calculation s for related V O 2 compounds. 14, 29 The peaks at higher energies (above 536 eV, denoted as region B) correspond to O 2p character mixed in the V 4sp bands. During the insertion process, large variations in the spectral features were observed with increasing lithium content (see Fig. 3a ). Region A becomes broader and weaker compared to region B with increasing x. Region B shows m ore intense features as a result of the electrochemical insertion of lithium. This can be attributed to the changes in bonding geometry (bond angle and bond length) produced by reduction. The intensity in the O K-edge XAS spectra is related to the strength of the metal-ligand hybridization in each m olecular orbital derived band. As shown in Fig. 3 , Region B increases in intensity with respect to region A. This enhancement is related to large V 4sp-O 2p hybridization as a result of the insertion of lithium, which produces changes in bonding geometry in the electrode. This interpretation is supported by previously reported results. 32 To obtain detailed information about the electrochemical reactions of lithium in the Li 11 x V 3 O 8 /Li cell, we applied 2D correlation analysis to two independent sets of data. The rst set was constructed from the XAS spectra of the Li 11 x V 3 O 8 cathode recorded during the rst lithium insertion process (Fig. 4) , and the second set included the XAS spectra measured during the rst lithium extraction (Fig. 5) . Figures 4a and 4b , respectively, display the synchronous and asynchronous 2D correlation spectra of the Li 11 x V 3 O 8 cathode obtained for the rst set of data (lithium insertion). The power spectrum extracted along the diagonal line of the synchronous 2D correlation spectrum is shown at the top of Fig. 4a . The power spectrum yields main auto-peaks at 517, 519, 526, 530, and 540 eV. In the synchronous 2D correlation spectrum, the positive cross-peaks at (519, 526), (519, 530), and (526, 530) eV show that the intensities of those bands due to V 3d states decrease simultaneously during the lithium insertion process. The negative cross-peaks at (519, 540), (526, 540), and (530, 540) eV indicate that the intensity of the bands at 519, 526, and 530 eV decrease during the insertion, whereas the band at 540 eV (assigned to V-O) increases in intensity. These results clearly suggest that V-O is produced by the insertion of lithium into the Li 11x V 3 O 8 electrode. Furthermore, we note that the band at 540 eV has strong correlations with other bands of Li 11 x V 3 O 8 , indicating that as lithium is inserted into the Li 11x V 3 O 8 electrode, the V-O bonds are the most perturbed.
According to the rule proposed by Noda, 18 the signs of the cross-peaks in the asynchronous 2D correlation spectrum ( Fig. 4b) imply the following sequence of spectral events during the rst insertion process: 532 ® 526 ® (519, 517) ® 530 ® (540, 543) eV. This sequence is in good agreem ent with the topotactic reactions of metal oxide in the lithium battery. 1 Logically, battery materials are depolarizing and are capable of reducing an excess charge corresponding to that of the injected electrons. In the insertion process, electrons are rst removed from lithium metal and then injected into the metal oxide. The injected electrons are accepted by 3d bands of transition metal, which are much mixed with the oxygen 2p band. 34 Subsequently, the excess negative charge is compensated for by the accomm odation of lithium ions into the metal oxide. The inserted lithium ions interact with O 22 ions and affect the M-O bonds. As the lithium content in the Li 11 x V 3 O 8 electrode increases, the intensity of the band at 532 eV due to Li 11 x V 3 O 8 (O 2p ® V e g ) changes rst, and then the intensity of the band at 526 eV due to the V 2p 1/2 state decreases, followed by a decrease in the intensities of the bands at 519 and 517 eV due to the V 2p 3/2 state. Then, the intensity of the band at 530 eV due to Li 11 x V 3 O 8 (O 2p ® V t 2g ) decreases, followed by an increase in the intensity of the band at 540 eV due to V-O. Figure 5 shows the synchronous and asynchronous 2D correlation spectra constructed from the second data set (the extraction of lithium). The synchronous 2D correlation spectrum is quite similar to that of the insertion of lithium. The corresponding asynchronous 2D correlation spectrum reveals the following sequence of events: 516 eV (due to the V 2p 3/2 state) ® 540 eV (due to V-O) ® 518 eV (due to the V 2p 3/2 state) ® 526 eV (due to the V 2p 1/2 state) ® 519 eV (due to the V 2p 3/2 state) ® 530 eV (due to O 2p ® V t 2g ) ® 532 eV (due to O 2p ® V e g ). In the extraction process of a Li 11 x V 3 O 8 electrode with a high lithium content, it was reported that the disappearance of the Li 4 V 3 O 8 phase and the simultaneous formation of the LiV 3 O 8 phase occur in the early stage of the extraction process, followed by a delithiation process in the single LiV 3 O 8 phase. 35 The coexistence of the two phases complicates the asynchronous 2D correlation spectrum compared to that of the insertion process. It is expected that the peak positions concerned with the Li 4 V 3 O 8 phase will appear at a lower energy compared to those of the pristine LiV 3 O 8 phase because of the reduced oxidation state of vanadium 3d orbitals in the V L II,III -edge region. However, in the asynchronous 2D correlation spectrum , the intensities of the two bands at 516 and 518 eV change before the band at 519 eV changes. Also, it reveals that as lithium is extracted from Li 11 x V 3 O 8 , the band at 540 eV assigned to V-O changes earlier than the other bands of Li 11 x V 3 O 8 except for the band at 516 eV. Table III summarizes the band assignments for XAS spectra obtained from 2D correlation analysis.
CONCLUSION
Determination of the relationship between local structure and the lithium content in m etal oxides is ver y important to the understanding of the electrochemical be-havior of these materials. In this work, we studied the electrochemical reactions of Li 11 x V 3 O 8 with lithium during the rst insertion-extraction cycle by m eans of soft X-ray absorption spectroscopy and 2D correlation analysis. The V L II,III -edge and O K-edge spectra reveal that the insertion of lithium leads to the reduction of the V 51 states present in the pristine Li 11 x V 3 O 8 electrode, which produces changes in the bonding geometry.
The synchronous 2D correlation spectrum demonstrates that as lithium is inserted into the Li 11 x V 3 O 8 electrode, V-O is produced. From the signs of the crosspeaks in the asynchronous 2D correlation spectrum, we deduced the following sequence of spectral events during the rst insertion process: 532 eV [due to LiV 3 In the extraction process, the asynchronous 2D correlation spectrum reveals the following sequence of events: 516 eV (due to the V 2p 3/2 state) ® 540 eV (due to V-O) ® 518 eV (due to the V 2p 3/2 state) ® 526 eV (due to the V 2p 1/2 state) ® 519 eV (due to the V 2p 3/2 state) ® 530 eV (due to O 2p ® V t 2g ) ® 532 eV (due to O 2p ® V e g ).
